A single round of Edman degradation was employed to remove the NH2-terminal valine from isolated a chains of human hemoglobin. Reconstitution of normal (3 chains with truncated or substituted a chains was used to form truncated (des-Val'-al) and substituted tetrameric hemoglobin analogs. Structural homology of the analogs with untreated native hemoglobin was established by using several spectroscopic and physical methods. Functional studies indicate that the reconstituted tetrameric protein containing des-Val'-a chains has a higher affinity for oxygen, is less influenced by chloride ions or 2,3-bisphosphoglycerate, and shows lower cooperativity than native hemoglobin. These results confirm the key functional role of the a-chain NH2 terminus in mediating cooperative oxygen binding across the dimer interface. The NH2-terminal pK1/2 value was determined for the [13C]glycine-substituted analog to be 7.46 + 0.09 at 15'C in the carbon monoxide-liganded form. This value, measured directly by 13C NMR, agrees with the determination made by the less-direct 13Co2 method and confirms the role of this residue as a contributor to the alkaline Bohr effect; however, it is inconsistent with the presence of an NH2-terminal salt bridge to the carboxylate of Arg-141 of the a chain in the liganded form.
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The principal known physiological modulators of hemoglobin function are carbon dioxide (1-3), 2,3-bisphosphoglycerate (4) (5) (6) (7) (8) , and simple ions such as protons and chloride (1, 6, 9) . Preferential binding of these ligands to the deoxyhemoglobin tetramer over the oxygenated form lowers the apparent overall oxygen binding affinity and increases the apparent cooperativity between successive oxygen binding steps. Experimental for the a-and 8-chain NH2 termini (1, 5) . The success of these studies with 13CO2 as a reporter molecule has led us to the conclusion that isotopic enrichment of a specific protein residue or set of residues is a necessary tool for studying large allosteric systems with multiple effectors. We have chosen the chemical semisynthetic approach for introducing isotopically enriched amino acids into hemoglobin, because this allows, in contrast to genetic techniques, the enrichment of a single site and the potential for incorporating nonstandard amino acids with particular spectroscopic or reactive functionalities. We have concentrated on the Val-1 site of the a chain for its functional importance in modulating interactions and its accessibility to semisynthetic manipulation.
We report here the production of two hemoglobin analogs by using chemical methods similar to those developed for semisynthetic studies on sperm whale myoglobin (10, 11) and for reconstruction of hemoglobin tetramers (12) (13) (14) (17) . Under these conditions the reaction was directed to the NH2 termini, reflecting the facility for anion binding at these loci (data not shown). Dissociation of Na-sulfophenylthiocarbamoylhemoglobin (Na-SPTC-hemoglobin) was accomplished with p-hydroxymercuribenzoate as described elsewhere (14, 18) . Purification of the p-hydroxymercuribenzoate-labeled NV-SPTC-a chains (Na-SPTC-PMB-a chains) was accomplished on a DEAE-Sepharose column (2.7 x 22 cm). The protein fractions were eluted with a linear gradient (540 ml of 20 mM Tris HCI, pH 8.2, and 540 ml of 250 mM Tris HCl, pH 8.2) at a flow rate of 70 ml/hr. The modified ( chains do not elute under these conditions. The heme was removed from the purified Na-SPTC-PMB-a chains by acid/acetone extraction (14) . The NH2-terminal SPTC-valine was cleaved (10) with CF3COOH (10 g/g of protein) in the presence of dithioerythritol and anisole (200 mg and 15 ml, respectively, per g of protein), which were added for protection of methionine and tryptophan residues (10). These cleavage conditions led to nearly quantitative removal (>98%) of the NH2-terminal residue. Subsequent purification steps (see below) removed any remaining SPTC-derivatized protein. Deprotection of the a-chain Cys-104 was accomplished with dithioerythritol. The truncated a globin was rehydrated in 20 mM NaH2PO4 (pH 4.0) and dialyzed against several changes of the same buffer.
Preparation of the Substituted Analog. Preparation and purification of the p-hydroxymercuribenzoate-labeled Nasulfophenylthiocarbamoyl-a chains (Na-SPTC-PMB-a chains) was described above. Protection of e-amino and sulfhydryl groups with methyl acetimidate hydrochloride (19) and p-hydroxymercuribenzoate, respectively, was necessary to direct coupling of the N-hydroxysuccinimide ester of CF3CO-glycine (CF3CO-Gly-ONSu) to the NH2-terminal position. Purification of the totally protected (N'11-acetimido-Na-SPTC-PMB)-a chains was accomplished by anion-exchange chromatography following reaction of the acetimido-Na-SPTC-PMB-a chains with 3,4,5,6-tetrahydrophthalic anhydride (19) to introduce a negative charge on free NH2 groups. The derivative-blocked a chains were eluted from DEAE-Sepharose (2.7 x 30 cm) with a linear gradient (600 ml of 20 mM Tris HCI, pH 8.2, and 600 ml of 150 mM Tris-HCl, pH 8.2) at a flow rate of 65 ml/hr. Removal of the heme prosthetic group from the totally protected a chains and cleavage of the NH2-terminal valine were accomplished as described above with the exception that a 50-fold excess (per equivalent) of phenol and indole acetic acid was used as protection for methionine and tryptophan residues (20) . This change was required to prevent the deprotection of the p-hydroxymercuribenzoate groups by dithioerythritol. (19) . The ammonium hydroxide/ acetic acid was removed by exhaustive dialysis against 50 mM Tris HCl (pH 7.5). Conversion to the carbon monoxideliganded form is described below. Overall yield for this preparation (from starting material) was 5.2%.
Preparation of (3 Chains. Heme-containing (3 chains were prepared by the p-hydroxymercuribenzoate method (14, 18) . Purification of the p-hydroxymercuribenzoate-labeled ( (12) (13) (14) . In this instance, the truncated a globin (20 mM NaH2PO4, pH 4.0) was mixed with a stoichiometric amount of heme-containing ( (26) . The percentage of ferrihemoglobin was determined as described elsewhere (27) . The reductase system limited the amount of oxidized hemoglobin to <5% for the untreated and control samples (described below) and to 10-12% Table 2 compares the absorption ratios for the truncated, substituted, reconstituted control (described below) and untreated hemoglobin samples. Such comparisons have been shown to be sensitive indicators for the structural integrity of heme proteins (30) . The agreements between the absorption ratios, particularly those involving the Soret band, indicate that the modified a chains renatured and positioned the heme properly (11, 13, 31) .
Functional Studies. Table 3 lists the results of the oxygenation studies completed on the truncated and untreated proteins. The values listed represent repetitive analyses with an experimental error of + 5%. The truncated protein is seen to have a higher affinity for 02 than untreated hemoglobin, to be less responsive to chloride ions or 2,3-bisphosphoglycerate, and to have little cooperativity (Hill coefficient, n5O, at half saturation). Table 3 includes the values for a reconstituted control sample. This sample represents a series of treatments corresponding step by step to the truncation process with the exception of the initial reaction with 3-sulfophenylisothiocyanate required to accomplish the removal of the terminal valine. The functional studies demonstrate that the control sample retained the functional characteristics of untreated tetramer, with the exception of the The changes in the functional properties of the truncated protein are unlikely to reflect tetramer dissociation. The tetramer-dimer dissociation constant for the oxygenated form of the truncated protein was determined by the analytical molecular sieve method of Ip and Ackers (32) and found to be virtually identical to untreated hemoglobin (G. K. Ackers, personal communication). While the scarcity of the truncated sample prevented direct analysis of the concentration dependence of the functional parameters, the analyses were conducted at concentrations adequate to ensure reliable determinations of these parameters (33 
DISCUSSION
The procedures outlined were used to produce hemoglobin analogs containing alterations at the NH2-terminal position on the a chains of human hemoglobin. Neither the truncation nor the substitution of glycine for the NH2-terminal valine produced detectable widespread structural alterations in the analogs.
The functional parameters obtained for the truncated analog are consistent with those reported for naturally occurring variants (34) and chemically modified hemoglobins (35) (36) (37) that contain alterations in this region of the molecule. The experimental results on the reconstituted control sample suggest that the manipulations used in the semisynthetic preparation (less the truncation) do not adversely affect the structural or functional properties of the reconstituted molecule.
According to the stereochemical model of cooperativity (38) , truncation of the a-chain NH2-terminus would be expected to destabilize the deoxy structure (39) by disrupting salt bridges and anion binding site in this region of the molecule. Such a destabilization would be expected to cause an increase in oxygen affinity and a reduction of cooperativity. The importance of salt bridge formation in stabilizing deoxy-relative to oxyhemoglobin, however, has come under scrutiny by NMR (40) , thermodynamic (41, 42) , and electrostatic analysis (8, 43) .
The pK1/2 value determined by 13C NMR for the liganded glycine-substituted analog is consistent with the value reported by the indirect 13CO2 method for carbon monoxidehemoglobin AO (1). The pK range suggests no strong stereochemical perturbations that might be imposed by salt bridges involving the NH2-terminal residue. Such structures, although reported in the oxyhemoglobin crystal structure (44, 45) , would be anticipated to cause a higher than observed pK1/2 value (1). For comparison, the pK1/2 value of a-chain Val-1 was reported to increase from 7.2 to 7.8 in going from the liganded to deoxy forms of hemoglobin AO (1).
Where comparable NH2-terminal substitutions were studied with sperm whale myoglobin (11), a small but systematic difference was observed between the glycine and valine forms. These pK differences for myoglobin appeared to, involve solvation effects rather than salt bridges (11) .
In the present work we had insufficient enriched sample to examine the deoxy form of the substituted analog. However, the support of the present work for the earlier pK analysis by the 13CO2 method (1) for the liganded state lends credence to that method and conclusions drawn from it with respect to the differences between liganded and deoxy states.
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